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The International t:()c,lsing ()i)tics (:ollsLl)_l_lion for tKTrab Sensitivity

(InFOCItS) ballooll-I)oHtf' har(l x-ray l<q('.-_t,l_(' im:orportat.es graded nml-

tilayer technology t(_ o])tain signifi(ant cIi_,vii\c ,/t('a at energies previously

inaccessible to x-ray (Jl_li(s. The tel(,s¢:op_' ,_,i_,)l ({resists of 2040 segmented

thin aluminum foils c, mt(_d with rcl)li(alt'(l I'l,/(? multilayers. A sample

of these foils was SCalm(,d using a t){'tl(il-l)(',_lJt eflectometer to determine

multilayer quality. TI_(, l_,sults of I:he l(,ll_,{_,_lll('lt'r measurements demon-

strate our capability to t)ro(hlce a large (ll_llil\ of foils while mainaining

high-quality nmltilavms with a mean N('v(_-('t,_cc interface roughness of 0.5

nm. We characterize the pertbrmanc(' _t t11_, __,mplete InFOCpS teh,'scope

with a pencil beam ,_s,(,_ scmt t._ (l('tmnfi_,(' ,1,(' vtfi'.ctive area and encircled

energy flmction ot II_(. I_'l('s(:()l)('. The mc_s_tt_.,t _,tti,ctive area of the coinplete

telescope is 78, 42 ,ml 22 cm _ al. 20. :I{} _t_l Ill keV, respectively. The

measured encircled vnc_gy fraction ()t t}w _llill<)l ha.s a half-Imwer diameter

of 2.0+0.5 arcmin (!)(}5/_ COl_fidmwe). Th(, ll_ir_()r sucesstully obtained an

image of the a.ccreti_lg I)tm:k hoh' Cye, mts X-1 ,l_l_ing a 1)a[loon flight in ,July',

2001. The successful c_m_plet.ion and flight i(,sl _fl' this telescope, demonst, rates

that graded-inultilayer lclesc(q)es can l_c m:tt_d_ctured with high reliability

for flmH'e x-ray telcsc,)l)(, missions such ils ('_,ttst<'llation-X. @2002 Optical

Society of America

OCIS codes: 110.(i77(). 11().744().31().18(i(),3 1(1.7 i l(_.;t II).7470,35(1.1270



1. Introduction

X rays are.produced by someof th(, t,,I,sl enmget,ic and exotic celestial objects such as

supernovae,neutron stars, black }l()l(,b.;t,live _ala(:ti(:nuclei, an(I gamma-ray bursts. Hot

plasmasfound in theseobjects t)rothl{!, x tavs and gammaiaxs fl¢)ma variety of thermal

and nonthermal emissionmechanisms.SI_'(_la, images,and timing analysisof thesephotons

provide astronomersthe al>ilit.yt.o (lia,cm,.-_,suchthings as ionization stakes,temperatures,

elementalabundances,and magneti( [i(,l,ls ,_f tll,, plasmas that produce them. Unlike optical

light, x ravs are focused t)y grazing-in,i(l(ql((' r_'flection off of surfaces coated with a smooth

layer of high-density material. The Iligl, l{!'>(_ltllion lmager on the Einstein Satellite, launched

in 1978, was the first to employ x-t_y-l},(using _,ptics. l Observs_t_nies continue to employ

grazing incidence optics to explore thv x-l;_\" _miverse up to eneigi,'s of 15 keV, including

ASCA, BeppoSAX, Chandra, XMXl. _lml .\st ro-E.'-' "

Although celestial objects typi('ally (,ntit photons throughout the entire x-ray and into

the gamma-r W regime, past. and cuH_'nl x-i;iv _l_servatories ha\-(' focused primarily on study-

ing x ravs below 15 keV. Current ;m(I ll_';ll-tuture observatories Cal_;_ble of studying the x-ray

sky above 15 keV (BeppoSAX, 1RXTI';, INTE(;IIAL, HETE-2) mnploy non-focusing tech-

niques such as coded masks or grazin_-it_(idence concentrators to improve sensitivity and

provide imaging capability. :_'r-_) Tlws_, _,lissi_ms (l(, not use grazing-incidence optics because

the critical angle for total external r_,tll,_I i_ll (_f materials (tecr_'as_'s with increasing energy.

Therefore, mirrors designe(t for t.h(' lml(I ×-lav I)and would re(luir(' more reflecting surface

(and thus more weight) and either l()tlg('t [()(-al h'ngt, hs or smaller geometric area. Such a mir-

ror has been recently implemented I)v _1_,, I[IEI{_) collaboration t()extend grazing-incidence



optics capabilities to 50 k('\, i_,\V(, ti,(,1,hmv_,\m,t t,_l _,J, _llt¢-_rnati\(_ technology is necessary

to keep the mirror ligllt.w,,ighl _m illll)ort_/1Lt ((m_i,h.,;_li()n for futme space-based observa-

tories. Periodic mull;ila.vers havc, h_ng been km)wll tt_ imt_'as(' the retlectivity of surfaces above

the critical angle, but are v,_l\ limit(_d in th(, ran_,' _1 (,H(_rgies th,,v can reflect efficiently.

It wasn't until the develol_m,_n_ ()f _rad¢,d n,,tl,il_l\('__ s_l_l th(' realization of their potential

in astronomical applicati(ms tlmt at_ _,lt¢_lll_tti\_, t,, :a,:_/iHg-im:idt_nce optics became avail-

able. 1°,1_ Graded multilay_'_s at__' the m¢,tlt_>¢l _)t _ll,_i,_, _,1 tltis woik, the HEFT balloon-borne

telescope, and Constellation-X. TMH

The International Focusing ()t)tics Collal)orali_,tt ti_t/_Ciab S_nsitivity (InFOC#S) is a

balloon-borne hard x-ray t_'h,s_'Ol)¢_ lmilt jointly l_v NAN.\'s God,lard Space Flight Center

(GSFC), Nagoya. Universily..]apan's [nslilut:(' ¢,[ Nl,;_t,' _m<l Astr(mautical Science (ISAS),

and the University of Ariz()l_;,. It is an 8 m ti_catl _',_:a_h tel(_scop(, with an altitude-over-

azimuth pointing system. II is th( ' first t(_ ('ml_loy 1\\'_, l<t,x t.(,chnoh)gies to improve imaging

and sensitivity in the har(t x-ray r_'gim< The' lil>, is _ _nirror system composed of thin

aluminum foils coated wi_lt a gra(h_l lm_llil_w_'_ t_ l_,_\i_h' bt,)a_l-band reflectivity and a

wide field of view at, inci(l_,n,_' _ngl_'s as l_l_g_' as _t.:; . ()l_r collaboration has proven that

this technology is a promising \ray to lmil¢l _ h_,t<l ×-_a_y tt!l¢_scol)e mirror. _s The other

breakthrough technology is Ih(' ti)cal plan<, (l('I¢'¢t(>t. which is a solid-state detector composed

of Cadmium Zinc Telluri(h' (CZT). CZT is Cal_al_h' ¢>t a_(hieving 10()(J(_ efficiency at 20-100

keV with a thin detector tl_s r_'¢htcin_ th(' iltstlltt_l¢,nt _t)is(_ and increasing the sensitivity

of the instrument. 16

The hIFOC/tS inirror s\sl_,m, sht)wn in l"ig. 1. xas_., ltio¢leled after the Astro-E mirror

system. The mirror has all ()llI(,l (liam('tt_r t_t it)_-_. _ il_l_¢'r diam_'l.er of 12 cm and it focal
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length of 8 m. The primary and se(:(m(l;l_v,tlirrl_r _'achcontain 255 nested shells in a conical

approximation of a Wolter I configuratitm. [_a('h shell is comp_)se(I of 4 quadrants of a 0.152

mm thick aluminum substrate formo(1 inIl_ a (:(mical al)t)roximati()n to the ideal parabolic

or hyberbolic shape. This significantly tv_lii,(,s the ('onlplexity and cost of forming the toils.

At a focal length of 8 m, this aPl)I'()xill_;ll it)li l)t()(lltc(!s all imago with a half power diameter

of 15 arcsec--- small comt)are(I to {h(' (,t](,(l s lilniting the ilnage (l_mlitv of the mirror to be

discussed later in this pat)er. The so,aUwllts arc held in place by 2(5 precision alignment bars

radially spanning the top and bottc)ln ,,I i,;i,h Inirror quadrant. Th(, angle of incidence of an

on-axis ray, measured flom the mirth, 1>1,111¢,.ratios froln {).1° tol tho innermost shell to 0.35 °

for the outermost shell.

Section 2 of this paper describ(,s the, ¢l¢,sign. deposition, and results of the individual foil

multilayers. Section 3 outlines the ca lil,;_ii(m and ])(,rfolInatlCe ()f tile complete InFOCpS

mirror. Section 4 summarizes our r(,s_llls.

2. The InFOCpS multilayers

A. Design and deposition

Each foil segment is coated with a Pl/(I ll1111tilav(,r in ()rder t,o a(:hi(wc the desired 20-40 keV

bandwidth of the mirror. Periodic mllllil_vots are, only efficient at reflecting a very narrow

energy band at a given incident(, all al_,. I'() rehi,re btoa(t-1)an(l _oflectivity with periodic

multilayc'rs one would need many r('tl(,,* ittv s_lrl_c(,s (_t¢'}_ tun(,(t ,_ ;_ specific narrow energy

range for an on-axis x ray. Such a _l(,sivtl _v_,ll(l l)r(_vi(le very littl(' off-axis reflectivity. In a

Wolter type-I system, if an oif-axis X __v i_t('rsocts the primary mirror at an angle ee +/3

where a is the angle of in('i(lence of _l_ _,_-axis x ray. it will intors(,ct the secondary mirror



at an angle ct -.z3. Periodic lllultilayers tuned I<>il >l_'cilic _'nergy on axis could not possibly

reflect off-axis x rays of any (,n(,rgy off I_(>th lhe l)l'illL_tlv at_<t secondary with high efficiency.

Therefore periodic nmltilav<,> are m)t the (t{_sir_,_l ._,_l_ltion for a telescope designed to have

significant effective area ow,t l>road energy I_ltl_'. (il_(ling the thickness of the layers vs.

depth provides the desired t>r_l_tl>and rl,ilect ivi_ v. I: i_. _l_,cteasing the 1)ilayer thickness from

vacuum to substrate, the l<,w< ene_.Vy x ta_vs __' _.Ili_iciHlv reflected by the layers closest

to vacuum. The higher enetgy x lays, x\'lticl_ l_Vncl JaLI,, i[,'t'l)el illtO lhe multilayer stack, are

reflected by the layers closest t<_ the sul)strat(_.

Multilayers for two of l h<, four qua(hatlts w('l,' __,ll_,(l at Nagoya University by DC

magnetron sputtering. Foils ,_se_l in these (tua(h_tt,I> wm_' first prepared by replicating a

200.0 nm platinum layer at (',SFC. This teclmiqu< ti_s, _[tw(,loped ti)r the Astro-E telescopes,

t., 1_ [/,_IS roughness) glass mandrel.begins by depositing the l)laiimm_ (>_,I._>a. smo<_tll '

The layer is transfi_red t() _}_' ti)il 1)v coati_,.4 tht' _;_1_(,1 with an epoxy, then placing the

foil onto the mandrel and ;_llowing th{, ('tmxy t_ c_, i_ ;_n oven. \.\.'hen the foil is reinoved,

the platinum layer sticks t(_ ltl(! foil ;,ml r(,plic_l_,_ I I_, smoothness of the mandrel. This

replication process COml)C_L>_ICs ['(n' Ill(' /1111 it) 111lli->(';tl/' \vnviuess introduced when milling

and forming the alumimm_ foils. _s Th(' l_ilav('r thickn_'s._ li_ these foils varies in discrete steps

as a function of depth in _, 'sl(,pt)e(l I)lock" t:onti_t __t11_1_. The deposition design, process

and results of these two qtm(lranl.s ar(_ descril_(,<l in _ s_'lmtat.e pap_'r, m The remainder of the

this section will focus on m_tltila.vers _}f the two> qtl;t_Ll;/t_l,s fabricated at GSFC.

The multilayer design _t _.he GSFC foils _,_t_h_vs at smooth power law transition of

layer thickness. We t'ollow{'_l tl_,, _lesigt_ l_r_cedurc _! .I_,_s,'n e_ a,l. to determine the bilayer



thicknessd '2°

,/- ,,(; + I,)' (1)

where i is the bilayer nmnber startin_ tl_,tkl t at the laver (:h)s<'st t() vacuunl and a. b and c

are free parameters. 2° We a(lopt vahtos ,)f h = 0.5 and r. = 0.27 for this work. We deterlnincd

a by first determining the (:haracteristi( ,,l_m_y cm:h foil wouhl rcfi('(:t most efficiently. This

characteristic energy E changes lin('n_lv lr(,ti, 38 kc!\' for the iIlllCtlll()st foils to 18 keV for the

outermost foils to cover the desired I)alt(il);/ss of the mirr(_i. Ftcml this characteristic energy,

a nominal bilayer spacing do can be d(ffim_(t fi_r ,ach fl)il by satis[ying the first-order Bragg

condition for a periodic nmltilayer at th,, angle ()f im:i(lem'e of an ()n-axis x ray (t

) . [ 2(F@t+(_-l')d_')] chc/E(ke\:) = .d,,s, ,r_ 1 .... 0.5) (2)
sin 2 (_

where F is the ratio of Pt laver thi(:kn(>._ _,) total bilaver thiukn('ss and d- is the deviation

from unity of the real part of the ('(mllq('× index of refraction 'n = 1 - (_ +/;_. Setting the

parameter a equal to 1.5d0 places the, lmlxi_tmm r(fftectivitv near th(' design energy. Adopting

a value of F = 0.45, we can express lh(. t I,i(l<u(.ss _et (_a(:h layer

: ]..-,d,,(i + ().51-" -': (3)

dc ().55

The number of layers deposite(l ()[1 i,il{][ fdl in also a fre(_ oh,sign t)arameter. The reflec-

tivity of the multilayer incleases as a lu_l(t i,,_l _ff _mnd)er of layers (h'l,osited until it saturates

due to absoprtion by the platinum. It \w_s s/Is() dc_sirable to minimi×(' the number of 1wers to

mass produce foils in a timdv mamwl. ( )t_I itltizine, the number _)f lavel'S on each foil involves

depositing enough layers to just r(,a_:l_ it,, s;itllrnti(m point. W(' a(l()l)t a coarse optimization

of the number of 1wers bv (:hoosing LT) i,il_vms Io, shells 1-5/I (1 in the innermost shell), 30
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for shells51-100,40 for sh(,lls 1()1-150. 50 f(), sh(,ll> 1.-,1-2()() and 60 for shells 201-255. Fig.

2 is a set of simulated reth,(tivilx' mu'ves ()f fl)ils al t I_l_'c (lifferent radii which demonstrates

the high reflectivity of tile inner fl)ils (lue t() an t)li-;l×is :lil:41e of inci(lence close to the critical

angle of platinum. At medilmt la(lii, the fl)ils st.ilt (;_b t.,,\-(,r the entire energy range but have

numerous peaks and valleys. Th(' Ollternlosl ti_its ,_,' _l,,si_ned to reflect the lowest energies

and do not reach the high-,,,_w_v I)alk(ll)aSS. (),_lv l,v _,l,lil,.a the c(mtributions of all the foils

can we obtain constant efl(,(ti\c _tle}/ _)\'er 111(' t'lllit(' 2(1 1{) ke\: r_l,llge,.

Multilayers were i)la(:e(l onto foils at (;SF(: })\ (h'l)t,siting all bilayers, rather than a

single layer, onto the man(h('l then rel)li(atin._ t},(' (,1,Ill(' multilaver onto tile foil. In order

to produce multilayers for 1(12() foils in an efliv('tll l_l;itlilm, we iml)lemented an automated

deposition process which can han(th' up t() six glas:, _,_an(lrels in a. single deposition run. A

schematic of the deposition clmtnl)et is gi\_'n in Fir. :_. t'iach man(hel is placed on its own

rotation stage controlled 1)v a Stel)t)er lnolol. Tw() 11(' l_lagnetlon sputtering sources with

8x2 inch targets are at. oI)l)()site sides of ttt_' (ll_,tt_'_ (h'l)osit.ing sinmltaneously onto two

different mandrels. The inat_(h_'ls are l(ttal_'(I ill tt,*tlt t)l' the target.s at a varial)le rate to

control the layer thickness Sl)ttl I{_re(1 ()nto the ttm_all*'l. \V_' (()mt)ensate(1 for a nonuniforlnity

in sputtering rate as a fum.lit)u _)[ vertical _[istam_' 1)\ placing a mask immediately in front

of each mandrel. This alhm'('(I lhe t.()t) amI t)t)lI_,lll _)

target for a longer time d_trin,_ man(lr,q l¢_lnti()ll. [Ill

_l_(, man(Ire[ to be exposed to tile

i)la_,itmm and carbon targets were

operated at powers of 57 \V an(t 500 \V. r('sl)('(tiv_'tv. lh(' aml)ient l)ressure in tile chamber

before sputtering was 1.() × It) :' Tor_. Arg(m was i_tt _t,,1,tce_l at a 1)ressure of 7.5 x l0 -4 Torr

during sputtering. After n_,lltil_/v(q (h'l)(,sili,m. a,_ _,(l_liti()ttal 50 2()0 nm layer of 1)latinum

was st)uttered onto the mau(hvl using _ h(_lhm (a_ t_,)_l_' >l>_,_tering ('ha.mbei. We flmnd that
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this additional platinum e,_sed ttw tr;_,sI,,_ ()[ II_, mult.ilayms t_) the ahuninum substrate

during replication.

B. Measurement and results

In order to ensure that w(, were ol)t.ail_ilt_ !}l(' (l('sire(l nmltilav(,r strll(:tme, we obtained re-

fleetivity measurements for a sampl(, [)f I_)ils. \V(, _lse(l a short t)<_mline reflectometer shown

in schematic in Fig. 4. The x rays w(w(, K,'ll('l;l.l;('(l with a l{igakll [iltraX rotating anode gen-

erator with a copper target. The s()m((, g_'n(,rat{,(I a 3 mm x 0.3 mm spot size at the target.

The x rays were then filtered by a (',_'(11 [) doul)le-(:rystal moll()c:hromator tuned to reflect

the Cu Kctl line at 8.047 ke\'. Even th_)ll_h t ll(, I)_'amline in this ('onfiguration was only about

1 m, a 120 #m tantalum t)inhole t)lm_'_ ;_l i lw fl()nt of the saml)l_, (:hamber was sufficient to

filter out tile Cu Ka2 line. In order 1() ml_il_iz(, st lesses (m the foil ([uring testing, we allowed

the foil to lean freely against a verli(;l] suvfa('(, al: the point wher(, tim x-rays intersect the

foil. This kept the reflected beam itl t1_(, s;lllt(, h()rizontal plan,, _s the incident beam. The

detector used in the reflect()meter was ;_I_ \lnl)l('k [()()-CZT m_)(l('l C.([ZnTe detector with a

3 mmx 3 mm area at a (listan(:(, ()t 7N() ,11111[1()11l llw (:enter (ff tl_' f(fil sample. Both the foil

sample and detector were rotate(1 i_ ;_ :_-?0 mamt(w in stel)S ()f (_.[)()5° in _).

The multilwers were (:haracteriz(,d I_v fitting the reflectivitv scan to a simulated reflec-

tivity cmve generated by the soltw;_(, l);_(.k_g(, [.kid writ.ten I)v \Vindt. 21 Five parameters

were free t() vary in this fitting pr_)(('(l_r(,: _h_' t_)I) an([ 1)ott()m l)latilnlnl laver thicknesses,

the top and bottom carbon laver thi('kH(,s>_,s. _tml the N(!v()t-Cr(_('(' I{NIS interface roughness

between at each boundary. _e The l)(_w('_ I;m in(h'× of the multilaw,r was frozen at its design

value of-0.27. Varying the top an(l ])()if (,11_l;iv(,l thicknesses whil(, keeping tile power law in-

I()



dex flozen is a nlore tangil)l{, wi,v t_tva,3.in_the,\_l,l<' iJ il_ l'_(l. (1). The interface roughnesses

of both boundary types w_q_' _lSSlttnec[ t(> ]_' t'(lual _._. _/,t,,(' = csrT/,t.. To hel l) tile software

arrive at a best fit, we pelt_Hn('(l _t lnclinlinnry fit I,\-st'fling the carbon layer thicknesses

equal to 1.22 times the plal.iltllnl ]aveI thi(:l_ness('s. \V_' _I_'H heed the carbon layer thicknesses

and performed a second Ill. \V_, tc_lm(t \.(qv si,ldlal ,,,stairs il the tndimiary fit was done with

a variable carbon layei: thi<:klt_,sscs, l{(,sutts ttc_l_ it ht ,_ s_ typical teHectivity scan are shown

in Fig. 5.

78 of the 1020 foils l)l<_(lll(:_'(l at GSF(' w(w(' _-},;,__t('t(uized in this manner. Of those

foils measured, 68 produce(I fits which webs' (l,_lil_l i\<,lv good enough to quantify tile layer

thicknesses and interface r(m_ltlt('ss ()f l.h(' _ll_lll ila_xv,, l'l,i._ sn.mple was split into two different

radius ranges. 7.63-9.16 cm (in_< foils) a n(l 12.!Jl l!).7_ 1 __l_ (outer foils). Tile most important

paranleter of this fit is the itit(,.t ta(:e toub_hness, as it (l('l ctltiin('.s how efficiently the inultilayer

will reflect x rays at all enetgies. ["ig. (i sh()ws lh(' ihl tql;l(_' t(mghness increasing from a mean

value of 0.45 + 0.07 inn t'o_ lh(' s_mtl)l(' of im_(q f_)il._ t_ ().t;tl ± 0.14 lira for tile sample of outer

foils. A Kohnogorv-Smirn_)\ I(,st gi\-(,s ;_ i>t()lml,ililv _,1 0 x 1() .1 that these distributions

are samples of the same 1)_ll(,llI (listlilmti_m. 'l_ >i;,_x\ illal this is not a bias of fitting or

measurmnent technique, w,' l>lt)t, in t_'ig. 7 l xx'_ snliit>l_' l_fils, one from each of the two radius

ranges. In these figures, we (:(mtlmie the }>(,st-fit ni_(Icl t\_t that ff)il to a model with a frozen

roughness equal to the nt(,;_n ltmghness of t[l(, (_t}_t'l >_tlilt_l(, set. All other parameters were

allowed to vary to obtain _t ])(,sl tit.. \Ve I_(,[i(,w, _h_' ctn_clation I_etween foil radius and

interface roughness is ptin_;t_il3' (lue t_ lmil_lui> (,1 ili_,lt,_(e roughness as a function of the

number of layers (teposit('(I _ml(, the [_il.

In previous work bas('(l _m (litlus_, s(.alI_,_ IlIi';I>III'CllICI|IS of _1 sample foil, we tbund

It



that the interface roughness is entir(,lv ,a_'_,t_('tt'k toughl_oss _.e. lhe boundaries between

the layers are well-defined but rough ;_s _i_posos_,d to layer bouu_[aries that are not well-

defined due to diffusion of one mat_,ri_l il_i_, the, _th_,r. 2:_The difh_sc scatter arising from this

roughness is approximately 0.,5_X of tll_' litharge flltx, trot the tainT images that InFOC#S will

be observing, where the signal-to-n_,is_' t_,ti_ will I_e relatively l_w. the noise contribution

from diffuse scatter will not be signiti_'_tl_t (_lnt,ar_'<l t<) other c(ml:ributions.

The process of depositing a gr(,_ nltl_tl_('r of multib_vers wil hit_ a short period of time

and producing multiple sets of multil_vc> v,-ithin one deposition chamber places unique chap

leneges in ensuring the proper thid<_l_,ss_,s _(, dq)ositied. A drift in the deposited thickness

over time will cause individual foils t_ ,'l[i,im_tlTc r('ft('ct a ¢lifl(_r('nl range of energies than

originally intended. This could hav(, (h;_st i< cons(,quenc(,s on lh(, r_,sulting effective area over

the desired energy range.. ()ur meas_mn('H_s of the top bilaveF thicknesses in Fig. 8 show

that our mean fitted to ideal 1)ilay_'_ tl_i,l<_<_s_'s was 1.02 .-!-0.1)T. ()f the samples measured,

62% had a fitted bilayer thickness will_il_ 7_'/( of tl_rir drsigned thi_kness. A tendency to de-

posit thicker platinum layers than _l_,si_,,,1 w_s d_,te(:ted aft.(,r ,_,_mit.oring the first 30 foils.

Based on this, an adjustment was m_l(l(, I()1 ]_(, mantisel r(_tat.i(m __t i, h_ tk'ont of the platinum

target. MeasureInents of subsequent f_ils rove_tl('d this systematic mror had been corrected.

The spread in fitted vs. designed bil;_\_'_ _Ili(k_,ss corrt_st)olltIs tt_ ;1 thickness repeatability

of :t:0.7 nm. This must be attribut('(l t_, _ _!ti[l ill lhO sputter t'_t(' over a deposition run. We

can rule out a large thickness va.rbd)ililv tr_nn tavm" 1.o laver whi(h would give the peaks in

the reflectivity curve that m) longe_ ;/I)i_';_ ;_t rc_4t_lar incid('n¢(' ;tnRle intervals.

We point out that these layt't l}_i_.l<lt,,sst,s _1_' only a 1)(,sl fit of an ideal power-law

multilwer to our measurement (1_. 11_, tits o[ all our foils to a_ ln)wer-law multilwer all
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have valuesof _2 per (t(_gr_'('L_[fro('(l¢)lnm_l(ll _(,_t(,l I I_;m1. Tlw fits are poorest at the

highestanglesof incidenc('wll('r_'the r(qt(_ctivitv(t)lll('_ lnimarily from the thin layersat the

bottom of the multilayer s_l(:k. Ttwr('ior(_.i_.is lik(,lv I lmI our dct('rmination of the bottom

thicknessis biasedby the tit t)t tim top lav(,r lhi(lcm,_. \V(,._('('a high correlation betweenthe

best-fit bottom and top lavl'l ihickm,._sc,_in t)()lll .,l_ltlmlmand carl)on which we attribute

to this bias.

We _ill(l only a slight c_,lrt,t_tliol[ ])(,tw(,_qi Iitc til t_t }w plat;inulll and calbOU to t) layer

thickness ratios shown in Fig..9. A lilwar r(,_r(!ssl()ii fit ,_ix'(_s a slope of 0.27 and a linear

correlation coefficient of 0.:_8. This r(,sult rul¢_s ,_11t ¢.,,_Hl_(m sourc(_s of change in deposition

rate as the dominant cans(, ()t _h(' variation (_[ la\('_ Ihi(kn('ss froln its design value. Such

common sources inchl&' v_ri;tl.i(ms in tim <tistanc(' I_('_w('_'n tim mandrel and the sputtering

target and pressure of th(' _r:4(m Sl)Uttoring :4as. _It_i._ ;_ls,_ rules om any systematic error in

the reflectivity Ineasurcmcltt du(' to misaligtl_lwnI _[ Ill_, t,_il or an oflEet in the beam energy

used in the reflectometer.

3. Complete mirror tests

A. Pencil-beam raster scan

In order to measure, tim elti,t.tiv(, al'(,;_ ate(1 i_tmg_, (l_t;_lit\ ()f th(_ coutl)lete mirror, we used a

pencil beam to scan the mirr()l. This was t:hc lll(),'-;t ti,a_._il)l(' way of measuring the mirror given

that the long beamline [a(:ililv ;_l (',SFC cal_n()t :lt:t,,_(_(l_t(' an 8 m focal length mirror. This

setup, shown in Fig. 1(). _s(,s ;_ t)ort.al)l(' x-ray s()_(¢, _()unt(xt onto two large translation

stages, each whh 60 (:m tlu()w _u(l 10/_t_ rcs(_l_t.i¢)_, t)H(, t ra.nslati()n st,age moves the source

in a vertical direciton, th(' (,I I_('_ m()v('s t h(* s_)m('_, i_ _ I_()_iz()ntal ([irection pert)(_ndicular to



the optical axis. The pitch and yaw (,t _tLc1)cucilt,eamare conlr<)lledbv two precision tilt

stageswith 0.1 arcmin resolution.

The x-ray source is an ()xfl_rd .-,()1 x-r;/v tulle with a tmtt4stenanode. The source

intrinsically producesa spot sizeof 1I)5× 30micr(ms.\\(, Ol)Crat¢,dthe sourceat 50kV and

0.75mA. In order to removethe cha,all f,Hsric Tungst_,nlines,we,1)lacecla 0.135mm thick Ni

filter in front of the source. This filtc't xv_l; i_l;icec[ ciirectlv in trcmt c)t the collimating pinhole

at the end of a 70 cm collimation t_ll_,. Tim l)inh()le is a tunast(_n pinhole 100 microns in

diameter and 3 mm thick. All measur_,nl_,v_Is werc' done in ambient atmosphere. The photon

count rate of the direct beam in a 1 alto cuvir, mm_,nt at a distance, of 8.5 m was 4000 photons

s -1 at 20 50 keV. The scan started at tt_, t_p of the mirror, translating the source at a rate

of 1-2 cm s -L in the horizontal direct i¢m. l lWll stepping 2 mm _l_mlk in the vertical direction

and scanning horizontally in the othel _ti_c_l i(m. \Vc' tYl)ically c<)llc'c'led a total of 105 photons

in a complete raster scan and covere_l _!,,,_1 5_ of the gc,ometric area of the mirror.

In order to get an accurate rel)res(q_tat ion of how the inirror 1)c'haves, it is necessary to

account for any systematic efli,ets intr<_<J_ccd I_v the rastcr-scan system. "_Ve found two such

systeInatic effects that nmst be accou_i_',l I,,_ in _H atmlvsis _t tl_e image quality. The first

is that there is a smooth change in the i_il_h or yaw as th(' source t_avels along the vertical or

horizontal stages, respectively. Over tl_,, l(i _m cliameter of the' mirror, this change is about

-t-0.33 arcmin. This is equivalent t{_ ill_im_ting the mirror x\ill_ a source at a distance of

about 2 km rather than at an infinil(' (lisl_n(< All of the ray l_a_'¢' simulations presented in

this paper will siinulate sources at ibis li,_it,,_, _[islame.

The Other systematic eflbct is Ih(' _lixr'_('nc,' of tl,e 1)_'am c,m_iv,g from the x-ray source.

Taking the source size anti ttw collit_;_li_v I_inhl_h' as limits, the, l)_,am has a divergence of

It



about 1 arcmin. As this is ((,l,llmral_lc to tlw itm_ _1_I produce([ by the mirror, it nmst

be taken into account. This (liv,,rgem:_' alsc) r_'(ha('._ ll(' tz_(_asured _m-axis effective area by

about 2-4% by sampling s_ttw {)If-axis angles. \Vc, (h, tlol believe a similar reduction will

occur in the off-axis measttrcnwnts. [Tnlik(' the _m-;txis ,ase. when the beam is off-axis the

mean effective area over the r_,_,g(' of ofi-;/xis attgh'> _;_l_,l)l('(l bv the' beam is approximately

the efli_ctive area sa.mI)le<l t_v il_c, t:ent_'r t>f the l_<,;!l_.

The determination of ill_, tltirror image qtta[il\ i> s_l+s(_afli;cte_l l_v the pixel size of the

CdZnTe focal plane detectc_r in the, InF()C/_S t_'h's__,l>l'. 1"1,' pixels are 2.1 x 2.1 mm in size,

which is about 54 arcsecom/s in angular size,. This is _._q)arat)le to the expected HPD of

the mirror. Rather than trvittg to ac_ount tor th_'_( ' svstc]tmtic etEi_cts in our actual image

through complicated decot_\_htlitm It'chni(lttCs. w(' 1;_1¢_,;t lllOie st.raightforward at)proach by

folding these systematic etti,ct s into ottr tav-_ rac_' ._i_t[;_l i_,_s an(1 comparing to the measured

data.

One of the most iml)_ntat_l st.el_S in detcr_ninitl._ t l_t_ perfotmam:e of the mirror using

the raster scan system is allotting the i>¢'ncil I_('_tt_, \vil]_ tht, x-ray axis of the inirror. The

procedure we used is to titst _>}>lain a c_+t,s{, ali_,l_,_c,t* l>v placittg the collimator at the

center of the mirror and a¢l.i_tst.ittg the' lmatn t(+ ltit t l_c ¢:pttter of the, detector. The coarse

alignment was then refitmd t_v sCanlting t.h_, mirror wil t_ life' x-ray source along a radius close

to the middle of a quadr+_t_t, i\\+e t:t_tl_l tt_,l +_lig_l it t,xactly with the middle because an

alignment bar was at, tit(' 1,_i<l(ll<' of <wh (lua(ha_lt.) \k'(' lhen adj_tsted the pitch (or yaw)

for that particular quadranl I t_ lm_ximiz_, the Ihr_t_lll)_l. This lm)ce(ture was repeated for

a. neighboring quadrant to ;_(l.jusl tit(' 1)(,rail yaw (t)l I)it¢"tt).
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B. Full mirror performance

The on-axis an(t elf-axis et-fectiw, arc;l ;_l_,t the image quality (_f the, full telescope were de-

termined using the raster scan setul) _h,s_'ril)ed ab()ve. During t,hes(, tests, both the detector

and mirror were mounted on the InF()( '/_ _eh's['()l)e in a hori×(mt al configuration. However,

when in operation, the telescope is us,l,_ilv ,,tuqated in a neath v(qlical I)ositioI1. 'vVe cannot

rule out that the performance of the, IlliH_v will clfange slightly iJl lhe vertical configuration,

however no degredation in mirror perf'(_lli_;_ll(e IitS ])Cell reporte(l I_etween pre-flight calibra-

tion tests on the ground and in-flighi (;,Ill,ration tests in st)a(:e for mirrors using the same

foil technology and mirror housing.

The on-axis effective area measurc_l wilh tile rastm' s_:a][ is shown in Fig. 11. Two

predictions of the effectiw, area are in<l,_(t_'(l in this figure. Th(' first is simply the sum of

each foils' reflectivity inultil)lied by the, _,_ _lTl_'ttit' area of that f_)il. Tlte second is a prediction

based on ray tracing with a ctistribltli_l_ ,,1 slol_e errors. This distrilmtion is the same as the

distribution of slope errors that (:ol[ht {'l_l_i_icallv explain the re¢l_ution in effective area of

the Astro-E telescope miir_rs. 24 This ,lis_tilmti_m is a Gaussia_ _listribution with a mean

value of 0 ° and a standal(l deviation _,t ().12"I_ _:'. where 5' is tl_e reflectivity of the foil.

Both simulations in Fig. 11 assume an i_l('rface roughness _)t' ().5 ran. The slope errors of

the foils cause a significanl reducti¢m i_ _<_sur_,d eifective ar_,a l_v scattering x rays into

the backs of adjacent tbils. This foil w;_x-i_,ss is l_rinmrily o_ _t_, macroscopic scale and is

introduced during replicali_m of the llll_ll il;_v_,_s _*1_I¢,l.he foils _ml insertion of foils into the

mirror housing.

The mandrels used for teplicati_)_ (_[ I 1_' l_mttilavets were cvlin_lri¢:al in shape rather than



conical. Although this colll(l 1)<,sol\_,(l i_vsitttl_15_t_ilt__ conical mandrel, tile epoxy used

in the replication processis thick (,houghIo intr_lmv ._tr(,ssto the foils. Deviations from

flatnessintroduced by the I)l__'_'ssal_,on Ih(,_)rcl('l,_[ _ t/_moveran 80 mm spatial scale.2S

We have also observed tha,t l_<_t.hplatilm_n al_(I ¢.altl>_lt_tle Sl._utt, ered under compressive

stress which, when replic_ltv<l, caus_,s the, tiJils _ i_._,;_sv their radius of curvature. This

stress results in a 4 8_7cim:_,,_s,, ,,t t]_(, ra¢lius t_t cllt\a_t ilt_, ¢_1the foils after replication which

could introduce slope errors if plac(,¢l at th_'ir _ri_,i_,tl _a_lius. To minimize the effect, this

radius increase would have on the, final inmg¢' qunlitv, als many GSFC foils as possible were

placed at their modified radi_>. Similar iu(:r_'as_'s i_ _;,(li,> were. ol_served with the Nagoya

foils but were placed at tltcil _li_im_l ta_[ii.

The placement of the Ii_ils within th(, mitrof l_,si_,_ also (;all CallSe. the foils to bend.

Each foil is held within tt_' _irror t_v 13 alignlt_(q_l I_s on the top and bottom of each

mirror quadrant. The alignm_q_I I)ars are etched witlt __l)vzoi<t-shaped grooves which hold

the ends of the foils. These grooves arc desig;n(,¢l I<_ I_, wi_tc_ than tim thickness of the foils to

prevent binding during ti)il iustallati_m into ils ¢l_,sitglt,,_[ slot. Their(' are two issues limiting

the image quality one can _l)t;tin with this d{'si_t_, liist, the machining of these grooves

leaves rounded corners at the' l_ttom _t the groovt, xvlmh causes the foil edge to be in the

wrong position leading to a slol_' e_tlof tin 11_¢,mtli__, tiJit. Second, these bars are the only

mechanisln for holding t.hc i_l¢tividual ti_ils in l_lat_'. >_ t ll¢,v nmst be adjusted to prevent

the foils from moving. To _1_ lllis, the, :_ligtim{qit l,:,i-> :xtt, positioned to alternate between

supporting the back and tht' t_(mt of ill(, foil. l'ht'>' ;tli_titn(,nt bars must also be adjusted

to t)roduce the best overall in_.t_' aml m)l m,cess;_tilv tltt, I_est image R)I' each set of foils.

While producing the t)esl _xmall imag(', sl_esses a_l_' _1,_'_'_l on imlividual R_ils which also
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contribute to slopeerrors.

The field of view of the,telescol)¢,is liIllit_'tl I,v xi_n_'tting caus('d 173:the small spacing

between the thin foils necessary to _,nst_(, that n{, stray light r('_u:lles the focal plane. To

measure the field of view, we iilount_,(1 f ll_, _'ntire l)encil t)eam sotlll) onto two perpendicular

tilt stages and adjusted the tilt from II_,, ,,_>axis position in th,, azimuthal direction ( i.e.

within the horizontal plane). We deti_l(' i l_' {idd _t view as the' tltll width of off-axis angles

that produce at least 50_ of the on-_xis c[t_,{'tiv{, area. \\Te hay{, moasmed the mirror effective

area at five off-axis positions and int{'rl_lal(' ]_et.wemt the measurements using a cubic spline,

shown in Fig. 12. The field of view of lh_, _'lescoln, in the azim, lthat direction is 12.6, 10.5

and 9.3 arcmin at 20, 30 and 40 keV. l('sl_'_l ivelv. The results in tile elevation direction were

slightly sinaller - 9.0, 10.4. and 8._; _l_l_i_ al 2()..'_() anal 10 k_'\, r_'speetively.

An on-axis image Ino(hu'e_l l_v a i_,_'il-l_,,;_n_ raster scan (_[ _h_' full mirror is shown in

Fig. 13. Each pixel in the intage corr,,sidelights l{_ au actual l>ix4 _m file CdZnTe detector. The

focus is intentionally placed off the c_'_,'l _t' the detect_' to a\'_id pixels with nonuniform

spectral response and detection effi_ie_x _m lhe right side' (_1 t l_' detector. Tile peak in

this image is above 12000 counts. The' hi;zhty asvmnletric apl)Carant:e of the image can be

attributed to binning of an image not vcu_'re¢l at the center of a l_ixel.

We quantify the inlage quality _,[ _1_,, mirror 1)v fitting the encircled energy fraction

(EEF) of a ray-trace model to the in_a_w' I:iEF. ]'he ra,\-trace simulations simulate a finite

source distance of 2 km an¢[ were binl_,_l i_l _, 12 ;_r¢'sec pixels. I'h_' image quality of tile rW

trace model was modified I_v changill< I I_t, _tislril_ition _t scatlc_i_ angles as tile rays are

reflected from each foil. This is equivalm_l !_ d_angil_,_ lh¢' wi_lth _t the gaussian distribution

of foil slope errors. The diverging t_,;_1_ i, :___i_1_,_1 f(_ t_\' {_v_l\'ing the image with a 1
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arcnlin FWHM g&ussian.'Fh(' il,mg(' is It.'t, (:<_l_,_.,l;_t Ihe c(mtloid of the actual image

and rebinned into 54 arcs('conttIra> re)sitmllat_,tlJ,' ,l¢,l(,(tot'.Fig. 14showthe EEF of the

actual imageat different en_,vgi(,sanalray tra(c Ul(. It,Isvarying in imagequality. Eachmodel

is labeled by the half-powvr cliamvtm (IIPD) _,fthe'ftiitt,_r beforea(:countingfor systematic

effectsof the pencil-beam l'aSlIq" S_'_Ill. Tlw ll,,st t,,,I,_1)1_' [IPD of the mirror based on this

measurement is about 2.0 :_v_l_ht. \V, _;llt lille _}1l{ \Vii tl })()(_' confi(lence a HPD outside tile

range of 1.5-2.5 arcmin.

The entire InFOCpS t('l('s_l_l){, xv;_s tt_)wn (m _l I,;lll_,,t ttight from Palestine, TX on ,July

6, 2001 at 1:10 UT. The 1}all<J<m at.t.;_ilt(,d ;_ th_al_ ;lllitu(h' of 38.1 39.0 km corresponding

to 3 g/CIIl 2 residual atmt)st_l_er¢'. :\_.t_Osl_h¢'_i¢ I i;lll_lllis_it_l ofx rays at this altitude range

from 5% at 20 keV to 157( ,_ 1(I ke\ tto_n _ so_¢.(, _1 !li) CqovatiCm. The balloon staved at

float altitude for 3.9 horns. Tlw I_lack h_l¢, vnn¢li<iz_tt. _'3gm_s X-1 ((Jyg X-I) was chosen as

a calibration target. We wore' a_l_le t()su¢'c('ssf_tllv ,_l>_'l'v¢' (?ygnus X-1 and will present the

results of that observation i_ a s(q)atal:e 1)apOl '.

4. Discussion and Conclusion

The InFOCpS mirror dent(mst__ t's theft, t_mlt il_t\_._ _I_it_ tk,il optics are a very promising way

to produce imaging capability _,ml imvei_so(i sensil ivilv t¢,, t'utur(_ sl)ace-based and balloon-

based missions above 15 k(,V. Two ,_(.l_i¢,x,a,l_l_,itt_l_l¢,\t,_wt_ts in tlw mirror could make this

capable of achieving 1 artmin il_agin_ ml<l l;,vgcl _,11¢,¢Iixo area u t) to energies of 100 keV.

The first is decreasing th(' i_ttt'tt'au'e _t_i_hn_'ss 1.,I wt,,.lt l;,xers and the second is improving

the slope errors intioduc(,(l I_\ l:lt(, rol)li<a_ti<m I)1_, _'_> ;_,1 fitting t]|e foils into tile mirror

housing.



Our multilayer deposition proc(,ssis ,s_lml_l<'(d _onsistentlvachievingaverageinterface

roughnessesof 0.45-0.6nm from Ill(, il_(,_ 1,,Ill(, (mt(,r f(fils.Howm<,r.our best fbils achieved

an interface roughnessof 0.35-0.4 n,_

most probablecauseof this differem(' i_

_,__lwr(' is room for in|t_l(_vementin this area.The

i_)u_hnessixgreaterr()ughn(_ssbuildup on the outer

foils which havemorebilavers.Howev('t.w_,_:anm_lrule olll; a (h%r,,(lationin layer thickness

quality during a deposition run. TI,, _I(,t)l_silioll(haml)t_r(:rot h(_h[six mandrels, labeled

1-6 in a counterclockwisemanner. TI,' ,ti;,lul,,r &,lmsils lav_'_sfirsl onto mandrels 1 & 4

simultaneously, then 2 & 5, then 3 h- ti..',l,ndrels 1 & -1 w¢,r(, tt,, slnallest mandrels, and

thus designed for the immrmost foils wllil(, :' & (i were tlw larg(,st. Any contribution to the

layer roughness by the deposition pro_ess whidl increases slowly (>v_,r a deposition run would

manifest itself as a systemal.i¢: incr_,ase ill _m,_l_,'ss vs. fbil r;_lilts. Also, the mandrels heat

up during the deposition process. Th(' gl_,,_l ¢q numb{w (_f law_rs _lq_¢_sit.ed onto the outer foils

could exacerbate any heat-related c(m_il,.{I i_)ltS I_)the iltl(,rlac(' roughness. Decreasing the

roughness of all multilayers _o (1.4 n_ w,,_t_l in{rr,as_, the eIt'e{tiv(, ,rea of the mirror by 10%

at 30 keV and 12% at 40 keV.

The slope errors in the foils lin_it l._ll_ _1,, _,tt_,ctiv(, ar_'_ al,I lhe image quality of the

telescope. In our ray-trace modeling (_f _lt_' mirr_r, we have _tsed the same distribution of

slope errors as those used in Ast, ro-l:i n_iH_,t simulati, ms. vet the r('duction in effective area

of the InF()CpS mirror was 40 6554' c(,_i_;_l (,(1 _(_a r(,(lm:tion in _,l[i,ctive area of 30% for the

Astro-E mirror. The redm:t ion in (,t[i,(_ ix (. ;_l(,a_Ill;IV al_l)('m t(_ 11,' (littiwent in origin from the

Astro-E mirror because it, is (?llergy (l('l_r'lt([('llt. l l(m('vm, w(' ])()il_l {)lit that the reflectivitv

of the the telescope changes with ra_li_,s, lh_, (,_(q f_fils, whicl_ l_;{x-(,higher opening angles

between ti)ils, suffer the leas_ from sl()l)_' _'_l,_s wllicl_ ca._ls_, s,attm('(t x rays to hit the backs
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of neighboring foils. Thes(,t_)ilsalso <1onot <'tticilqlll\' l,'tl,'ct the highest end of the energy

bandpass.Therefore, the l_>\VCl-Cnt'rgyx t;/\'s will t_a_\<,[<_xx't'tfractional lossesas a result of

slopeerrors than the high(,v-('m,rgyx wtx's.

We can improve theseslol,_'errors in tw(, w;ivs. \\_' lmveol)smvedduring our foil pro-

duction processthat wt' c:;_l_l_,clm'_,the stl(,ss ilttt_/tt,_tI,\ lho Pt/(' multilayer by depositing

a 5-10 nm layer of gol_l,illsl_,;lt[ _)fl_latilmm, olll_, i tl,, itlalndrel_tt'l.crmultilayer deposition.

This reducesthe observectlaltlilts of ctux';/tur_'chi_ltc,.t' t_ 1 :{t_=while still providing a good

buffer layer needed for the lq_lication l)l¢n'css. Tht, V;_l_,'zt,itl shape of the alignment grooves

can also be improved. \V(, ¢,_ _qi_im_le tl_{' vouml¢',l t_nets by making the grooves into a

shape consisting of a tlal){'×_itl witt_ ;_t_ t)\s_l-shal_,tl I_ll¢,_t_. This will allow the foil edge to

rest flush on a flat groove I_I ltm_. Th(' cuHm_t tct,ui!(l <_t lhe Astro-E mirror will use this

modified groove design. Tht'sc iml)to\tqntq_ts _t_t t lt,,i, t,tlt,ct on image quality are described

in greater detail by Soong. (.']tan and Sc_l(,mt isles.::-'

InFOC#S is the first ('_nl)l_qe nml_ilav_r thin I_)il ,HiHoC ca.pal_le of imaging with signif-

icant effective area ill the :2tl It) lwV v,_gi_n('. ()_n ili:__l_I¢l(.monst, rat.iOll of this mirror system

shows great promise in ()l)('_lin_ Ul) this l)()o_13-('xl)l()_t'tt i);t_/()f th(' (,l(,(:trolnagnetic spectrum

in our universe. Plans are in 1)lnc( ' to 1)r()(lucc auttlit i,,ll,tl mirrors for InFOC#S to cover the

65--70 keV energy ban(I to _)l,s,,vve th¢, nuclear ¢1('¢:_x lil_,, _)t 44Ti at 69.7 keV prominent in

young supernova remnants. It will bt, nt,t-<,ss;_c\' 1_,

stresses on the foils to accol_l_lish this. Athi_,\'al_h,

tt,i}t_>\-,, ln)th tht' interface roughness and

IltI_l_ _vl,liients in the multilayer deposit;ion

process and aligliinent I)ar tlt'sign will s_lhm tts tl_ l_l_l_l¢_ ' I ht_se a(l(litional mirrors and make

exciting discoveries of the l_;t__l x-tax univms_'.
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Fig. 1. Tile InFOCtI.S ,uirror. Each quash'ant _,Jl,,a_il_s 255 nested pairs of thin tbils

in a conical approximation to a \Vt_lt._r l con[i_l,_,v:i_,l.

Fig. 2. Simulated rel-h_cl.ivitv of ti_ils _>w,_ lh_' __,,li_ts /ange of t,h_' InFOCI, S mirror.

Foil 1 is at a radius ,,t 5.8!) cm _md l_as 15 1,ilay_,ls t_tu_ing ti'om t5.35 nm (top) to

6.19 nm (bottom). F_il IS1 is a.t a rmlius _t' 12.7(i _l_t ;tnd ll;ts 5() bilayers ranging

from 10.25 nm to 2.96 nm. Foil 255 is at: a ra.¢lills ,_l i!).94 cm and has 60 bilayers

ranging ti'om 9.56 tim t._ 2.63 (llll. The, imic_r ti_il._, wit.It smaller angles of incidence.

arc designed to r¢,flect, the high-tnmrgy x rays wl_il_, tht_ _mter foils reflect low-energy

x rays. All simulati, nts asslmic_ a 1;ty¢u int.clfa._:_' i,_t@,ncss of" 0.5 llln.

Fig. 3. Schematic view ,_[ the' thin-film d,_l_O._i_it,_ chamber in top view (a) and

side view (b). The ch._mt_r can _:_niaiu _I_ I,_ (i ._,:i;_._.__tm.ndrels. The platinum and

carbon targets are placc_l at: opp_sitc _,ncls ()[ I lit. chaml>er. T|lC small turntables,

each holding one retouch'c.1, rotate! in tl't}lli: t)[ 1,11t.' I;/l_('l I,{} control the layer thickness.

A large turntable hoisting t.ltc smMl turnt_d)h_s r_,,.al cs t.hc mandrels between the two

targets. A ma_sk in t'rcmt ,)t each mandr('l coutt_tuisat.cs [br non-mfiform deposition

rate along the w_'rtic;,1 l_,u_th of thc_ mal,drtq.



Fig. 4. Schematicvi_,wof the.r_,tt_,.r..lr_t_,l.:\ rota.lilt_ an_dt , x-rzty source with a

copper target produces x rays whi_'ll ,_-_, {ilt(n'(_d with the d_)_ll_h,-(:rystal monochro-

mator tuned to the Cu Kctj lin, ;_l S.t)17 k_,\:. Collimation of the' beam is performed

by the 0.3x3 mm target spot size, _tl,(t ;t 12_1 p,m diameter t_mlalnm pinhole giving

a divergence of 1.4 arcmin. The ti_ils _Lw_rested _)n al, "L" bracket to prevent foil

bending. A 1 mm 2 CZT detect(_r _l_(I the' tbil ar(_ rotated in :1 0 - 20 manner to

determine the foil rc_fh'ctivity.

Fig. 5. Reflectivity of Cu K(rl x ray,_ (.s.!)47 k_'V) vs. inci(lcnc_ ang;le (0) for a typical

foil. The variable paranmters fiw th,, ti,il fit.s ;t_{' th{, top-layt_v t,latinum, top-layer

carbon, bottom-layer t,latinmn, an,1 I_,,* l_,nl-lay_w carl_on t.hick_,ss and the interface

roughness between lay¢ws. Th¢, tit ,h,_r;_d_,s _tt. l_tlg_? angles ¢lu_' t_ inaccurate layer

thicknesses at the bottom of the, _rmh,_l d-spacing m, dtilaym.

Fig. 6. Interface roughness vs. tbil r:uli_s. Tim incr_as_xl rougltn(_ss for the larger foils

is believed to be dne to a lmihlnl)_I r,m_tm(_ss with in_:r¢_a.sin_ mmflmr of layers.

Fig. 7. Reflectivity vs. illcidetw_' all?l,, (0) _t an itm(_r gt'_l_ (_t) and outer group

(b) foil. Each is fitt_l with a t_¢_si-tii inte,rfac_, r_mglm_ss m,l Ihe mean interface

roughness of the outm (a) and ilm,,_ (/,) fl_ils. All ,_l.ll_' tm.ram_'_._,rs were allowed to

vary to obtain the l_,st fit.
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Fig. 8. Ratio of ;ne;l.slu{,(l t() (lesignc'd bil:wcl I I_icklt,,ss vs. designed top bilayer

thickness. The inner s;uuplc ()f foils, with high_,_ I,il:_vcl thicknesses, are on the right

side of the graph.

Fig. 9. Fitted vs. desi_ne,[ Iayel _hid;ncss t;tli_,> ,,[ I,l_,l:inum vs. carbon. The lack

of a tight correlation l_elwcm_ the' t()l) [;_y('l l:_ti,)s ,,linfin;ttes systematic errors in

the reflectivity llte_-I.Slll'elll(!llt as l.he C;tllse []Jl lilt' clillvt:ence between measured and

desired layer thickness. Ii. ;tlso l'ules ()ul. _:Olltll|t,tl ,',¢_lll'(:_,!S Of systematic errors in the

deposition process.

Fig. 10. The pencil-beam l';tstm' scan facility..\_, x-_ty tube source is mounted on

two 60-cm translation st_,.g;(,s. The som'c_, is _:t_lli,H_l_'_l by the s(mrce spot size of"

105 x 130#m and a l(l(I I*tit l._tllf.&htlll t_inhoh, :,t :_ ,lisl._lme o[ 0.7 m from the source

giving a 1 arcmin divelgencc in lhe IJ_tl_l.

Fig. 11. The on-axis _,flect, ive area of r.h(' c,_q)t,,t_, IHleOC#S mirror. The models

plotted in this figure a_'c ettbctive atca cah:ulalit)lls with no tbil slope errors (solid)

and a distribution of sh)pe error simil;tr t{, lh¢,s(, ,,_ l:he Astro-E mirrors (dashed).

Fig. 12. Effective a_¢':_ vs. ()/t:_xis _l_ll_t(! 2-1{ 2[_ (>,()[i(l), :_(] (dashed), and 40 (dot-

dashed) keV. The anl_l(_s it) t.his 1)1ol a._'(' _)fl_s(q, i,l I[_(, a.zimuthal direction. The field

of view of the telesc()im. (i('/ine(i _,.s th(' ftlli wi(it.t_ _ G()¢/(',.is 12.6, 10.5 and 9.3 ,trcmin

at 20, 30, and 40 keV. _('sl)(,(:tively. £t('asme(l fi(,l(t> t)f view in the elevation direction

were 9.0, 10.4 _tnd 8.(i a_c_uiu.
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Fig. 13.Imageproducedby a rast_,vs_';In_vertile entire,mirror. Thegrayscalebar

indicatesthetotal numberofcollUl.sil__!;i.chdf_tectorpixel.Thehalf-powerdiameter

of this imageis3.0arcmin,inchulill_s><cnmtic_4ti_ctsofthe l;tster SCall and binning

into the 2.1 x 2.1 mm pixels.

Fig. 14. Encircled energy fl'acti()n ()t' lilt, raster scan image at 21 keV. The models

in the figure arc mirrors with _litt_,_,,l_I sl_l_e error (listrilmtions, labeled by the

half-power diameter they pro, lLw,, ;_1 ;_ xiven _mm'gy. Each moclel is folded into the

systematic effects of the rastm s_i_lL ;_l_t tfi,,m_cl into 2.17.2.1 mm pixels. Similar

results were obtained at 28. a2 ;_l,,t :;t, k,,\:.
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Fig. 10, Berendse et al.

1()



<

E
o

v

o

<
o

0m

o
0

Inl

140

120

IO0

8O

6O

4O

2O

0

10

- !

:\! sloD¢; errors
, _:;p_ error dist. -..............

I

)1( ] r \\

__ ._. , .

_-_._ _ _ __,_...

I I I I I i I I I I.-

20 3O 40 50

Energy (keY)

Fig. 11, BereIldse et al.

1!



1.0

0.8
(I:1

i,.,.

<
ill

0.6
G)

,,=,
"13
0

N 0.4

E
O

Z

0.2

0.0

/

' ) I

/ /'/,
/ / ,

/

/ ./ /"
/ /

/ / /"
/ /' ,

/ ./* /,"
/

/ /
/"

/ /

- ,- ',\ ", /

_/i/ \ \ "-
-" /. ". "\ \

/ .- " \'\ \_,

/ // \, \
d

/ El/../-_ \ \. ,., -, __

/ \ \

7k --

/

I I I 1 L

1

"_0 k e V [] .... [] /
SO keVA- ....... A /
40 ke'v' @.-....... -@ j

-6 -4 -2 0 2 4 6

0ff-axis angle (arcmin)

Fig. 12, Berendse et, al.

-12



E
0

C
0

m_

Or)
0

13_

1.2

0.8

0.4

0.0

-0.4

-0.8

-0.8 -0.4 0.0 0.4

Position (cm)

0.8 1.2

0 362 724 1086 1447 1809 2171

Fig. 13, Berendse et al.

13



/

0.8 f

I,..

EL. 0.6

t_..

¢.-
UJ

"10 0.4
O
L_

°_

O
t-

UJ

0.2

0.0

1.0

z.J ¸¸. i--( ,--

_" _'._'r/,/.

."" / t" /

,." I. /" .-I"

/...;i{.J"

q

I

/
I

I

q

I
I

!
4

ktP_-)=].9_, orcmin ............... I

HPD=2.2,R ,:_rcmin ..... q
r_q tS rc r-q, i iqHPD=2 .... - ........ ]Hp[}=2. /i ,qrcmin .........

1.5 2.0 2.5 3.0 3.5 4.0

Distance from center (arcmin)

Fig. 14, Berendse et al.

1-1


